Recent work, stemming from genetic studies of phototransduction in Drosophila, has identified a set of homologous channel proteins that appear to mediate capacitative Ca 2+ entry in species from worms and flies to humans.
How the signal indicating depletion of the Ca 2+ store is communicated to the plasma membrane is unknown, but suggestions include a soluble messenger or 'calcium influx factor' (CIF), involvement of small G proteins or direct interactions between the plasma membrane ion channel and the IP 3 receptor in the membrane of the smooth endoplasmic reticulum, the main cytoplasmic Ca 2+ store (reviewed in [2] [3] [4] ). The best-characterized store-operated channel is the calcium-release activated current, I CRAC , which has a very low conductance (~20 fS) and extremely high selectivity for Ca 2+ over monovalent ions [2] .
Progress in unravelling the mechanism of capacitative Ca 2+ entry has long been hampered by the absence of identified molecular components. Help has come from the field of Drosophila phototransduction, in which the phosphoinositide pathway is also used to open cation channels in the plasma membrane [5] [6] [7] (Fig. 1) . Although the mechanism of activation of these channels is as obscure as that underlying I CRAC , their molecular identity appears to have been resolved.
The light-sensitive conductance in Drosophila normally has a high Ca 2+ selectivity, but this is greatly reduced in a nearnull mutant of the transient receptor potential (trp) gene, which encodes a novel channel subunit protein (TRP) with weak homology to voltage-gated Ca 2+ channels [6, 7] . A Drosophila photoreceptor new study from Zuker's group [8] shows that the residual light response in trp mutants that lack the TRP channel is effectively abolished by an additional null mutation of the trp-like (trpl) gene, which has ~40 % overall identity to trp. Earlier studies had shown that, when expressed in Xenopus oocytes or Sf9 cells, TRP generates a Ca 2+ -influx pathway which can be activated by thapsigargin, whereas TRPL expression leads to a constitutively active, non-selective cation conductance which can be upregulated by G-protein activators and, perhaps directly, by IP 3 [3, 9, 10] . Together these results indicate that TRP and TRPL are the lightsensitive channels in Drosophila, and that TRP may be the first identified store-operated channel.
The latest excitement stems from the identification of a family of trp homologues, conserved from worm to man. Full or partial sequences of fifteen members have been reported, including three human isoforms -TRPC1, TRPC3 and TRPC4 -with a widespread tissue distribution, discovered by searching genome-project databases [11] [12] [13] . All show the same basic channel subunit structure, with six putative transmembrane helices and a range of motifs in the amino and carboxyl terminal regions suggestive of a diverse regulatory repertoire (Fig. 2) .
Two new papers [12, 13] report that the heterologous expression of human TRP homologues leads to enhanced store-operated Ca 2+ influx. By making fluorimetric Ca 2+ measurements in transfected COS-M6 cells, Zhu et al. [12] found that the expression of TRPC1 and TRPC3 led to enhanced agonist-and Ca 2+ -depletion-operated Ca 2+ entry, with a pharmacology distinct from the endogenous mechanism. Furthermore, antisense mRNA directed against the six newly discovered mouse TRP homologues completely blocked endogenous Ca 2+ influx in murine Ltk -cells, leaving agonist-stimulated Ca 2+ release intact [12] . Zitt et al. [13] found that the expression of a TRPC1 splice variant in CHO cells led to an increase in both IP 3 -and thapsigargin-induced Ca 2+ influx.
Zitt et al. [13] have additionally provided the first electrophysiological data for any of the vertebrate TRP homologues. Disappointingly, perhaps, the data suggest a non-selective cation channel, with a relatively high conductance -estimated from noise analysis to be ~16pS -properties very different from I CRAC with its high Ca 2+ selectivity and minuscule conductance. It should be noted, however, that the various TRP sequences show a considerable diversity and the prototypical Drosophila TRP and TRPL channels themselves differ greatly in both Ca 2+ permeability and conductance [7] . Also, the possibility that the channels contain additional, novel subunits cannot be excluded. Although still preliminary, these new results suggest that TRP homologues are responsible for at least some store-operated Ca 2+ entry pathways in vertebrates as well as in flies.
The identification of TRP and its homologues has provided new tools for investigating the mechanisms underlying the regulation of capacitative Ca 2+ channels. Thus far, studies have been restricted to the Drosophila proteins; for example, Sinkins et al. [14] have shown that the prolinerich carboxy-terminal region of Drosophila TRP is required for activation by thapsigargin in Sf9 cells. TRPL was originally identified as a calmodulin-binding protein by Kelly's group. Warr and Kelly [15] have now characterized two distinct calmodulin binding sites, CBS1 and CBS2, near the carboxyl terminus of TRPL. Fusion protein fragments containing CBS1 show conventional Ca 2+ -dependent calmodulin-binding but, atypically, calmodulin binds to CBS2 in absence of Ca 2+ , dissociating when the Ca 2+ level rises above 5M. It has been speculated that the TRPL channel might be activated by dissociation of calmodulin from CBS2, and that the constitutive TRPL activity seen in expression studies may be caused by titration of endogenous calmodulin [10, 15] . It is notable that the sequences of the various TRP homologues show most diversity in these important carboxy-terminal regions (Fig. 2) , suggesting that different family members might be regulated by distinct mechanisms.
A popular model for store-operated channel activation invokes conformational-coupling [2, 7, 16] , in which the channel is gated by interaction with the IP 3 receptor, which in turn senses Ca 2+ concentration in the store lumen. Concrete evidence for this appealing hypothesis has been lacking, but the molecular identification of the capacitative Ca 2+ channels now allows us to ask where they are localized and with which other proteins they interact. In Drosophila photoreceptors, the putative Ca 2+ stores reside 1372 Current Biology 1996, Vol 6 No 11
Figure 2
Structural features of members of the TRP family. Note that PEST sequences are found on proteins targeted for rapid degradation, and dystrophin is a muscle protein which links actin to membrane proteins. The native channels are presumed to be heterotetramers or homotetramers. See text for further details. at the base of the microvilli (Fig. 1) , and this would appear to be the only logical site for interaction with IP 3 receptors.
Immunogold labelling, however, shows both TRP and TRPL proteins distributed over the length of the microvilli -where rhodopsin, the transducing G protein and phospholipase C (PLC) are also localized -with no preferential localization at the base [8] . Unless the epitope is masked in the critical base region, activation via the stores would seem to require diffusion of IP 3 from the microvillar membrane to the stores at the base, generation of another messenger (Ca 2+ or CIF?) and diffusion back up again (Fig.  1) . This seems perverse, given that insect phototransduction is probably the fastest second-messenger signalling system described; however, with the short distances involved (~1m), and the one-dimensional conditions imposed by the narrow (60 nm) microvilli, diffusion should not introduce delays of more than a few milliseconds.
Nevertheless, these considerations have led to speculation about possible alternative mechanisms, such as an active role for the cytoskeleton, which includes an axial actin filament running the length of each microvillus. Ankyrin repeats, three of which are found in all TRP sequences, might mediate a cytoskeletal connection, although it has also been suggested that they might interact with the IP 3 receptor [3] . Alternatively, might the influx pathway in Drosophila photoreceptors bypass the stores altogether? Despite repeated attempts, no one has managed to detect light-induced release of Ca 2+ in Drosophila photoreceptors, and although thapsigargin activates TRP in Sf9 cells, it fails to do so in situ [7] . Furthermore, in Sf9 cells, TRPL channels can be activated by IP 3 without requirement for Ca 2+ release [10] . If this action of IP 3 can be shown to be direct, then PLC activation and IP 3 production may be sufficient to account for TRPL activation in situ.
There is as yet no evidence for the interaction between the TRP channel and IP 3 receptor required by the conformational-coupling model, but two recent papers [17, 18] report that TRP co-immunoprecipitates with the Drosophila INAD protein, product of the Inactivation no afterpotential D (InaD) gene. This novel, membrane-associated photoreceptor protein contains two PDZ domainshomologous, for example, to those in PSD-95, a rat postsynaptic-density protein believed to be important in channel clustering -and Shieh and Zhu [17] pinpointed the interacting regions as TRP's carboxy-terminal tail and INAD's second PDZ domain. A point mutation eliminating the interaction results in a slowed termination of the light response, though activation remains unimpaired. Huber et al. [18] reported that the blowfly homologue of INAD also coimmunoprecipitates with PLC and protein kinase C (PKC), and can be phosphorylated by phorbol esters, suggesting that it is a substrate for PKC. These findings may be the first indications of a supramolecular signalling complex within the microvilli.
The identification of the TRP family as putative storeoperated channels is likely to herald a breakthrough in our understanding of both invertebrate phototransduction and phosphoinositide-regulated Ca 2+ entry generally, with further studies of the proteins helping to resolve unanswered questions in both fields. However, the apparent differences between the TRP channel currents and I CRAC suggest the search for other candidate I CRAC channel proteins should continue. Although vertebrates are not as well suited to genetic studies as Drosophila, Fanger et al. [19] have recently isolated a number of Ca 2+ -entry mutants of Jurkat cells, which normally express a bona fide I CRAC . We must await the identification of the affected genes, but clearly this approach has the potential either for independent confirmation of the role of TRP homologues or the identification of yet more novel proteins involved in the influx pathway.
